Deforestation and drought are among the greatest environmental pressures on the Amazon 17 rainforest, possibly destabilizing the forest-climate system. Deforestation in the Amazon reduces 18 rainfall regionally, while this deforestation itself has been reported to be facilitated by droughts.
A c c e p t e d M a n u s c r i p t dry season by transpiring water that is stored in deeper soil layers, which act as a buffer during droughts. 23 Part of this water subsequently precipitates over the forest, alleviating the intensity of the dry season by 24 disproportionally contributing to rainfall under drier conditions [29] . Taking a viewpoint at the 25 Amazonian scale, we see a positive feedback emerging: as deforestation reduces forest area, less water 26 can be recycled and dry seasons intensify regionally; the more intense dry seasons become, the more 27 deforestation tends to occur. These dynamics may amplify regional-scale deforestation and in principle 28 contribute to a self-propagating loop of forest loss [31] . However, the extent to which dry seasons and 29 deforestation affect one another remains unclear [32] and a hypothetical drought-deforestation feedback 30 has never been explicitly addressed. Therefore, we here integrate several state-of-the-art approaches to 31 disentangle the causal interactions between deforestation and dry-season intensity, and analyze the 32 "drought-deforestation feedback" in the Amazon rainforest. To estimate how deforestation has interacted with regional rainfall patterns, we relate remotely sensed 35 time series of forest cover change [33] to changing dry-season intensity during the early 21 st century. 36 We combine these results with: 1) a hydrological model that estimates forest evapotranspiration relative 37 Page 2 of 16 AUTHOR SUBMITTED MANUSCRIPT -ERL-107177 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t to that of cropland on a monthly basis [34, 35] ; and 2) a high-resolution atmospheric moisture tracking 1 algorithm to determine the fate of that evapotranspiration [29, 36] . In addition, we account for multiple 2 evapotranspiration-rainfall cycles of water ("cascading moisture recycling"). This allows us to quantify 3 the strength of the drought-deforestation feedback, analyze how it has changed over the course of more 4 than a decade, and discuss its implications for the stability of the Amazon rainforest. We quantify two causal effects: the effect of drought on deforestation and the effect of deforestation on 8 drought. Below we outline how each was estimated, followed by a description of how we used those 9 results to calculate the feedback strength in the Amazon forest. A diagram of the feedback loop, of which 10 we quantify all steps for the Amazon, is given in Fig. 1 . The effect of drought on deforestation 17 We define drought as the intensity of a dry season in a given calendar year as given by the Maximum 18 Climatological Water Deficit (MCWD in mm). The independent calculation of MCWD for each 19 calendar year means we do not account for possible continuation of droughts into a new calendar year. 20 MCWD is a common measure of drought in the Amazon [37, 38] , capturing the cumulative difference 21 between precipitation P and evapotranspiration E in a certain year. MCWD values are negative, so a 22 more negative value of MCWD means a more intense dry season. Monthly precipitation and actual 23 evapotranspiration data were taken from the GLDAS2 dataset [39] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t provided on an annual basis, whereas forest gain is provided only once for the entire time period of 2000 3 through 2017. If a cell has become forested during this period, we assumed that the increase in tree cover 4 is linearly distributed over the years. Forest degradation by understory fires or logging, for instance, is 5 not detected by the algorithm behind the dataset, so our analysis accounts for clear-cut deforestation 6 only. All forest loss and gain data were aggregated to net deforestation (forest loss minus gain) on a 7 0.25° basis to match the resolution of the hydrological simulations (see section The effect of 8 deforestation on drought).
10
We related dry-season intensity to deforestation to better understand how the former affects the latter.
11
However, correlation analysis can be problematic, because the relation between deforestation and dry- the effect of MCWD on ΔDeforestation / ΔMCWD is small ( Fig. S5 ), we simply took its average across 21 MCWD levels as the effect of dry-season intensity on deforestation.
23
To check for robustness of our results we repeated the above analysis using the A c c e p t e d M a n u s c r i p t transpiration, interception evaporation, and remaining bare-soil evaporation for a number of possible 3 land cover types, with a per-cell and monthly output [34, 40] . We calculated the actual forest contribution 4 to evapotranspiration by multiplying its transpiration and interception-evaporation estimates for full 5 forest cover by the fractions of the cells that are actually covered by forest [33] . We then replaced these river. We show the differences in evapotranspiration between forest and rainfed cropland on a monthly 10 basis in the supplementary material ( Fig. S6 ).
12
To estimate the regional effects of evapotranspiration reductions on rainfall due to deforestation, we parcel is assumed to have originated from evapotranspiration at that location. That amount of moisture 23 is allocated there and the moisture present in the parcel is updated. Thus, the amount of tracked moisture 24 in the parcels decreases along their trajectories backward in time from precipitation to evaporation.
25
Parcels of water were tracked either until more than 95% of it had been allocated, 30 days have passed 26 since tracking started, or it has left the study domain of tropical South America (81.5° W-34° W; 13° 27 N-35° S). For precipitation in each cell in tropical South America, we determined the corresponding 28 upwind evaporation location on a monthly basis. Thus, we obtained the monthly moisture flows between 29 each pair of 0.25° cells in tropical South America, from which we used those located in the Amazon.
30
By multiplying these moisture flows with the fractional change in evapotranspiration due to 31 deforestation, we estimated the effects of deforestation on monthly precipitation throughout the 32 Amazon. Implicitly, we assumed that deforestation does not affect wind patterns. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Results
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Our hydrological simulations show that deforestation, which has predominantly occurred in the south-31 eastern part of the Amazon ( Fig. 2A ), has made dry seasons more intense over the early 21 st century 32 ( Fig. 2B ). By 2014, the mean decrease in Maximum Climatological Water deficit (MCWD in mm) 33 across the Amazon in response to 21 st century deforestation was c. 1.6 mm ( Fig. S8 ), or a decrease of 34 0.11 mm yr -1 (linear R 2 = 0.87). This corresponds to 3.8% of the average decrease in MCWD. We 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Looking on a per-cell basis, we find that, on average, deforestation increases in years with a more intense 8 dry season: the sensitivity of deforestation to MCWD is significantly below zero with a mean of −0.13 9 % yr -1 mm -1 (95% CI [−0.14, −0.12]), which is the annual deforestation change for each mm change of 10 water deficit (n = 14 for each cell). Note that, because MCWD is negative, a negative sensitivity implies 11 that deforestation increases as conditions become drier. There are, however, large spatial differences in 12 the sensitivity of deforestation to drought (σ = 0.30). Especially in the central Amazon we find locations 13 with increases of deforestation with drought ( Fig. 2D ). In 69% of the Amazon (regardless of p-value), 14 deforestation increases with a more intense dry season (see Fig. S2 for examples). When areas with a 15 non-significant (α = 0.05) effect of drought are excluded, this proportion rises to 80% (Fig. S3 ). In other 16 words, in four out of five significant effects, deforestation increased with drought. Among the remaining 17 areas, we find a number of cells with significant effects of drought on deforestation near major roads in 18 a new deforestation frontier in the western Amazonia of Brazil (Fig. S4 ). ). Put otherwise, for every 1000 km 2 that was deforested, the feedback increased on average by 2.7 · 15 10 -5 (linear R 2 = 0.69, p ≈ 0; Fig. 3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Aside from analyzing drought-deforestation interaction during the recent past, we can assess where 8 potential future deforestation would intensify dry seasons. We therefore calculate the effects of 9 conversion from forest to cropland on the amount of evapotranspiration that directly precipitates in the 10 Amazon within a dry season. On average, converting one hectare of forest to cropland would cause a 11 reduction of 0.5 million L per year of evaporated water that subsequently precipitates within the Amazon 12 during a dry season (i.e. during months when evapotranspiration exceeds precipitation). Locally, this 13 amount ranges between 0 and 2 million L ha -1 yr -1 (Fig. 4) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Drought-deforestation feedback: weak, but getting stronger 10 We analyzed the interactions between deforestation and dry-season intensity in the Amazon, suggesting 11 a drought-deforestation feedback. The strength of this feedback is a function of the cumulative historical 12 forest loss (deforestation minus reforestation). Although the feedback is still small and the effect of 13 drought on deforestation is highly variable, the drought-deforestation feedback may be a previously 14 unidentified hidden driver of deforestation which is becoming stronger as progressively more forest is 15 lost every year. Historical deforestation has a perpetual legacy effect in increasing dry-season intensity, 16 particularly in the south-western Amazon, presumably because using fire to clear the landscape has 17 become easier [17, 19, 49] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t cumulative deforestation we adopted a conservative approach. Longer time series and improved satellite 1 monitoring can reduce these uncertainties.
3
The roles of climate change and fire 4 Climate change intervenes with the drought-deforestation feedback by increasing the duration, intensity, 5 and frequency of droughts [32, [50] [51] [52] . Given our finding that no more than 4% of recent drying in the 6 Amazon has resulted from deforestation, it appears that climate change is the main driver of drought- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t the dry season when the system is less dominated by strong easterly winds [63] . Thus, the effects of 1 deforestation on drought could be scale-dependent, which is not accounted for in our simulations.
The complexity of deforestation dynamics derives from multiple non-linear interactions between nature 4 and society, including climatic conditions and societal rules that are continuously changing. This means 5 that our results do not warrant prediction of future forest loss. However, they do highlight one social-6 ecological feedback that constitutes these dynamics. The drought-deforestation feedback has been 7 overlooked so far, and its explicit incorporation in scenarios of future deforestation could improve our 8 projections. As a step in the direction of disentangling the complexities of the Amazon forest, we here 9 unveil a feedback mechanism between drought and deforestation that has been increasingly impacting 10 the dynamics of this important ecosystem.
12
Conclusion 13 We presented a previously unrecognized feedback between drought and deforestation in the Amazon.
14 We analyzed the spatial patterns of the causal effects between drought and deforestation by analyzing 15 remotely sensed forest loss data in response to dry-season intensity, and by simulating the atmospheric 16 trajectories of forest-induced evapotranspiration. On average, deforestation becomes higher with a more 17 intense dry season; this deforestation intensifies dry seasons in the south-western Amazon in particular.
18
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